In the field of nanotechnology, Atomic Force Microscope (AFM) which is based on the interactions between an extremely sharp probe tip and specimen, has been widely utilized. In the AFM and AFM-based applications, the probe tip wear problem should be carefully considered. In this work, the wear characteristics of silicon, silicon nitride, and diamond coated probe tip under light loads were investigated. In order to identify the structure of the AFM probe tips as well as the nature of wear, High-Resolution Transmission Electron Microscope (HRTEM) and Field Emission Scanning Electron Microscope (FESEM) analyses were utilized. Using the Archard's wear equation, the degree of the probe tip wear was quantitatively assessed. Based on the experimental results and analysis, the plausible wear mechanisms of the AFM probe tips were proposed in an effort to understand the nano-scale wear.
INTRODUCTION
AFM has been widely utilized in characterization as well as modification of surface properties at the nano-scale. Also, various AFM-based applications such as nano-lithography and information storage technology are being steadily developed. In the use of AFM for imaging as well as other applications, the probe tip wear has been one of the serious concerns. Artifacts are often induced by an altered probe tip and this leads to the distortion in the AFM image. In addition, the realization of AFM-based applications may be limited by the probe tip wear problem [1] .
For AFM probe tips, silicon and silicon nitride tips are widely utilized. Also, in order to improve the durability of the probe tip, the diamond coated tip has been employed. Currently, in the case of a diamond coated tip, polycrystalline diamond film is deposited on the silicon probe tip by a Chemical Vapor Deposition (CVD) process [2] . However, the wear characteristics of the probe tips are not clearly understood yet.
The motivation of this work was to understand the probe tip structures and the degree of the probe tip wear. Also, based on the experimental result, the probe tip wear mechanisms were investigated. The wear test was performed by using the AFM under 10 nN ~ 5 µN normal load and the probe tips were observed by an FESEM as well as an HRTEM before and after the test. By doing so, the investigation of the probe tip damage process under extremely low normal load was conducted and better understanding of nano-scale wear was achieved. The following sections describe the experimental details and results.
EXPERIMENTAL DETAILS
In the investigation of AFM probe tip wear, silicon, silicon nitride, and diamond coated probe tips were utilized. The radius of the silicon, silicon nitride and the diamond coated probe tip was about 10, 10 ~ 20, and 50 ~ 200 nm, respectively. Fig. 1 shows the HRTEM images of the silicon and the silicon nitride probe tips as well as the FESEM image of the diamond coated probe tip. The thicker radius of the diamond coated probe tip was due to the diamond coated layer of about 100 nm thickness. In order to observe the initial structure of the probe tips, HRTEM analyses were performed before the test. In the case of the silicon probe tip, the diamond cubic structure of the crystalline silicon was surrounded by an amorphous silicon oxide layer. Also, it was found that the thickness of an amorphous silicon oxide at the end of the tip was about 10 ~ 20 nm, which was relatively thicker than that of the other part. As expected, the structure of the silicon nitride probe tip was amorphous. It should be noted that the diamond coated probe tip was randomly shaped, which was caused by the polycrystalline structure of diamond at the end of the tip.
Wear tests of the probe tips were conducted using an AFM with lateral force monitoring capability with the aim to better understand the mechanisms of tip wear. It was reported that probe tip fracture occurred due to impact during the approach of the probe tip onto the specimen surface [3] , and therefore, the degree of damage due to the impact was minimized. Since the applied normal load was dependent on the normal spring constant of the cantilever where the probe tip is located, the thickness, width, and length of the cantilever were carefully measured and the normal spring constants of the cantilever were calculated before the test. The calculated normal spring constants of the cantilevers and the corresponding applied normal load are given in Table 1 . In order to quantify the friction force, the friction force calibration process was also conducted. For characterization and assessment of the degree of the probe tip wear, an HRTEM as well as an FESEM was utilized. The probe tip wear was quantified using the Archard's wear equation based on the wear data acquired from the microscope images. As for counter specimens, bare Si (100) and DLC surfaces that had quite similar values of surface hardness were used. The DLC specimen was prepared by DC magnetron sputtering with the thickness of about 300 nm.
WEAR CHARACTERISTICS OF PROBE TIPS
The experimental results showed that the wear coefficient of the silicon, silicon nitride, and diamond coated tips was in the order of 10 -2 ~ 10 -4 , 10 -4 ~ 10 -5 , and 10 -6 , respectively. It was also shown that the wear rate of the probe tip decreased with increase in the sliding distance. In the case of the silicon probe tip, it was found that the amorphous silicon oxide layer initially present was mostly removed after the initial contact sliding of a few hundred micrometers. Then, the wear of the underlying crystalline silicon occurred. As for the wear mechanism of the silicon probe tip sliding against a silicon surface, oxidation wear was proposed for applied loads above 100 nN. In the case of the diamond coated probe tip, gradual wear in the grain at the end of the tip occurred during the initial contact sliding phase. However, it was also observed that the fracture of the diamond at the grain boundary occurred. This difference in the wear phenomena is probably due to the difference in the chemical structure of the diamond coating. 
CONCLUSIONS
The quantitative as well as qualitative nature of AFM probe tip wear was investigated in this work. It was observed that the silicon probe tip was composed of crystalline silicon and an amorphous layer of silicon oxide. Also, it was shown that the structure of the silicon nitride was amorphous and the structure of the diamond coating was polycrystalline surrounded by an amorphous carbon layer. The wear of the silicon nitride and diamond coated probe tip was less than that of the silicon probe tip, perhaps due to their higher hardness. As for the wear mechanisms of the probe tips, results of experiments led to the conclusion that oxidation wear was the dominant mechanism of wear for the silicon probe tip of an AFM. Also, it was observed that the slight wear of the amorphous carbon layer occurred at the initial stage. However, the fracture at the grain boundary was also observed. These results may be effectively utilized for improving the nano-wear characteristics of AFM probe tips.
